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INTRODUCTION 

A discussion  of  efforts  directed  toward  the  following  goal  is  pre- 
sented in  tliis  final  report:  incorporation  of  ferric  oxide  catalysis 

into  the  mul  tip!  e- flame  conilnisti  on  model  (l)  (2).  To  reach  this  goal, 
one  must  start  with  experimental  results  to  determine  (l)  which  variables 
are  significant,  e.g.,  differences  in  Fe0<L  specific  surface  and  level 
etc.,  and:  (2)  what  functional  dependencies  exist  among  the  variables, 
e.g.,  burn  rate,  Feo0_  specific  surface  and  level,  ammonium  perchlorate 
particle  size  distributions  and  pressure.  By  utilizing  results  of  the 
basic  combustion  studies  and  experience  with  solid  catalysts  in  the 
chemical  process  industries,  one  can  make  an  a priori  selection  of  the 
most  probable  significant  variables. 

Results  (if  ammonium  perchlorate  (AF)  - binder  sandwich  combustion 
slrnli  s (3)  indicate  that  burn  rate  catalysts  dispersed  in  the  hinder, 
as  they  are  in- practical  propellant  formulations,  promote  combustion,  at 
the  AP-lhhder  in terf'ice.  Ail  increase  in  Al’-hi ndor  interface  should, 
therefore,  bring  more-  of  Hie  dispersed  catalyst  into  this  interracial 
area  and  in  so  doing  provide  mo.e  catalyst  parlicles  to  promote  chemical 
reac ti on . 


A1  though  themiodyiiamic  calculations  indicate  that  ferric  oxide 
catalyses  are  eventually  converted  to  chlorides,  their  role  may  still 
parallel  that  of  heterogeneous  catalysts  in  ordinary  chemical  reactions. 
The  particles  of  lref,0_  at  the  AJ’-hinder  interface  may  enter  the  a as  phase 
mixing  and  reaction  zone  as  fluidized  parlicles  and  enhance  select  chem- 
ical processes  in  this  intorfacial  region  by  providing  aii  active  surface 
on  which  these  processes  can  proceed.  The  extent  of  active  catalytic- 
surface  per  unit  weight  of  catalyst  in  this  region  must  obviously  be  a 
function  of  the  specific  surface  of  the  Feo0_  selected  as  catalyst. 


I 
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Tlio  logic  and  significance  of  an  AP-Feo0  surface  area-to-surface 
area  dependence  seemed  incontcstible  . And  as  no  quantitative  correlatioti 


between  Feo0  specific  surface  and  extent  of  AP-bimler  interface  had  been 


established,  the  first  phase  of  this  modeling  effort  was  directed  toward 
obtaining  such  a correlation.  The  "curve-fits"  to  experimental  data  and 
pertinent  outcomes  calculated  from  these  fits  are  described  in  the  first 
three  sections  of  this  report.  The  fourth  section  contains  a first  look 
at  use  of  these  correlations  in  incorporating  Feo0_  catalysis  into  the 
Multiple-Flame  Combustion  Model.  The  final  section  contains  recommenda- 
tions for  additional  work. 
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ENPER  IMIN'TAI.  BACKGROUND  FOR  CORREIATI  ON 

Tlie  experience  of  Rocketdyne  and  other  solid  propellant  producers 
was  to  he  used  to  correlate  I'eo0_  and  AP  surface  areas  and  pressure  and 
burn  rate.  Unfortunately  reports  by  others  contained  no  indication  of 
what  specific  oxides  had  been  used  in  their  burn  rate  studies.  Hence 
the  experimental  background  used  in  this  correlation  analysis  has  been 
limited  to  that  available  from  Rockeldyne  efforts. 

GENERAL  PROPELLANT  COMPOSITIONS 

For  the  analyses,  data  obtained  from  hydroxy-terminated  polybutadi one 
(llTPJl)-bascd  propellants  and  carboxy- terminated  polybutadi ene  (CTPB)-based 
propellants  having  the  general  compositions  shown  in  Table  I and  2,  re- 
spectively were  used. 

TABLE  I 

COMPOSITION  OF  HTPB  PROPELLANTS 
USED  FOR  CORRELATION  ANALYSIS 


Ca Laly zed 

11.6 

0.>i* 

77.6-76.0 

10.0 

0.>i_2.0 


Considered  as  binder 

Note  that  in  formulating  the  catalyzed  propellants,  FeQ0_  replaced 
oxidizer — a formulation  change  that  results  in  a lowered  oxidizer/fuel 
ratio,  which  in  turn  probably  results  in  a lower  non-catalyzed  burn  rate 


Ingredient,  wt  rjo 

Controls 

HTPIJ  Binder 

11.6 

Po 1 y ami n o/ Ep oxide  Bonding 
Agen  t 

0.>j* 

Ammonium  Perchlorate 

78.0 

Aluminum  (l 5-M) 

10.0 

Ferric  Oxide 

0 
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value.  Tlie  significance  of  this  mode  of  catalyst  addition  was  not  con- 


sidered in  analyzing  the  burn  rate  da  in. 


1ABLE  2 

COMPOSITION  OF  CTPB  PROPELLANTS 
USED  FOIt  CORilEIATl ON  .ANALYSIS 


Ingredient,  wt  $ 

Con trols 

Catalyzed 

CTPIJ  Binder 

14 . 0 

14.0 

Ammonium  Perchlorate 

81.0 

80.0-80.9 

Aluminum  (5-P  ) 

5.0 

5-0 

Ferric  Oxide 

0 

0.1-1. 0 

Oxidizer  particle  size  distributions  used  in  the  propellants  were 
bi modal  and  trimodal  blends  selected  from  the  following  sizes  to  provide 
a range  of  AP  specific  surfaces: 


Nominal  Diameter,  u 

Nominal 

Specific  Surface, 
cm-/  gm 

Volume 

Surface  Diameter, 
dVs  > P 

400  (As-received) 

74 

4l6 

200  (As-received) 

197 

156 

7 — JJ  (Ground) 

6,225 

5.02 

10  (Ground) 

11,000 

00 

01 

The  IITPB  propellants  contained  10-M  AP  along  with  a coarse  AP  fraction 
of  either  200-u  only,  400-p  only,  or  a 200-? t/^i 00-M  blend.  The  CTPB 
propellants  contained  200-JJ  AP  only,  with  a ground  AP  fraction  of  either 
7—1]  u or  10  (i. 
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FERRIC  OXIDE  CHARACTER! STI CS 


Ferric  oxides  used  in  the  propellants  had  specific  surfaces  ranging 

9 

« x n/  i / ....  m.  ; .1 i i t.  1 i • : i ^ j : 


from  3 to  26.4  iif/gra.  These  oxides  had  been  prepared  by  precipitation, 
by  calcination  of  yellow  iron  oxide,  or  by  calcination  of  ferrous  sulfate. 
Because  method  of  preparation  affects  surface  characteristics,  such  varia- 
tions will  appear  as  error  in  the  correlations.  The  specific  oxides  used 
and  their  characteristics  are  given  in  Table  3- 


TABLE  3 

CHARACTERISTICS  OF  FERRIC  OXIDES 


Method  of  Preparation 

Calcination  of  Yellow  Iron  Oxide 
Calcination  of  Yellow  Iron  Oxide 
Procipi tation 
Precipi  tati  or. 

Calcination  of  Ferrous  Sulfate 
Calcination  of  Ferrous  Sulfate 
Calcination  of  Ferrous  Sulfate 
Calcination  of  Ferrous  Sulfate 
Calcination  of  Ferrous  Sulfate 


Density,* 
gm/ cnP 

Specific 

Surface,* 

m2/gm 

4.46 

26.4 

4.95 

10.0 

4.90 

9.4 

4.90 

3.7 

5.15 

9.2 

5.18 

8.4 

5.15 

5.1 

5.18 

5-9 

5.15 

3.0 

7: 

Values  from  suppliers 


SPECIFIC  PROPELLANTS 


Four  HTPB  control  formulations  having  AP  specific  surfaces  of  1503, 


2690,  4030,  and  5257  cm**/gm  and  four  CTPB  control  formulations  having  AP 

< . • » ..  1 — , — A.ni  —/inn  1 — — AA  2/  ■ 1 , 1, 


specific  surfaces  of  1515,  2394,  3200,  and  5599  cm  /gin  provided  the  110- 
catalyst  burn  rate  data. 
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Seventeen  catalyzed  HTPB  formulations  having  FeQ0_  levels  ranging 

“ 1 9 

from  0.4  to  2.0^  and  AP  specific  surfaces  ranging  from  1520  to  5395  cm“/ 
gm  and  16  catalyzed  CTPB  formulations  having  Feo0_  levels  ranging  from 

“ J 9 . 

0.1  to  1.0'S  and  AP  specific  surfaces  ranging  from  1517  to  5599  cm “/gm 
provided  the  catalyzed  burn  rate  data. 


All  burn  rate  data  were  from  1-pound  motors  fired  at  77  F;  a total 
of  295  motor  firings.  Motor  data  rather  than  strand  data  were  chosen  for 
this  correlation,  since  the  only  generally  reliable  index  of  catalytic 
activity  is  performance  under  use  conditions. 
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C0mtEL\TI  ON : DA.TA-FI  T 

Multiple  linear  regression  analysis  is  the  only  dependable  method 
for  assessing  the  combined  effects  of  more  than  one  independent  variable 
on  an  outcome— -in  this  case  burn  rate  (4).  The  end  result  of  such  an 
analysis  is  a "data-fit"  equation  containing  the  dependent  variable  and 
the  significant  independent  variables  in  their  most  likely  forms.  Al- 
though this  equation  is  empirical,  it  provides  an  order ly  summarization 
of  a mass  of  experimental  data  that,  at  first  glance,  may  have  appeared 
to  be  a chaos  of  meaningless  numbers.  To  carry  out  such  an  analysis, 
standard  computer  library  programs  are  ordinarily  used. 

To  summarize  the  available  burn  rate  data  as  a function  of  both 
pressure  and  compositional  variations--AP  particle  size  distribution 
and  Feo0_  specific  surface  and  level — reciprocal  forms  were  used  for 
burn  rate  and  for  all  the  selected  independent  variable  inputs.  Re- 
ciprocals  were  chosen  because  they  have  some  basis  in  theory  (5)  and 
should,  therefore,  yield  a reasonable  "data-summary"  equation. 

CATALYST  PARAMETER 

Tlie  catalyst  input  used  in  the  analysis  and  shown  below  approxi- 
mates the  ferric  oxide  surface  area  available  per  square  centimeter  of 
binder  interface: 


where 


Fe20_  (wt  fo) 


Specific  Surface  of  Fo„0_  (ctif/gm) 

~ j 

Volume  of  Binder  (enr  ) 
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Correlations  of  this  parameter  and  burn  rate  when  pressure  and  AP 
specific  surface  are  fixed  are  given  in  Tables  h , 5>  and  6.  For  these 
correlations,  burn  rate  at  700  psia  was  selected  arbitrarily. 

Clearly,  a boss  of  relationships  between  burn  rate  and  the  catalyst 
parameter  B are  possible,  particularly  when  the  non-catalyzed  case  i-. 
separated  from  the  catalyzed  coses.  For  the  correlations  established 
here,  this  separation  of  cases  was  essential  as  reciprocal  forms  of  de- 
pendent variables  containing  B would  result  in  division  by  zero  when  no 

Fer,0_  was  used. 

2 a 

For  preliminary  analysis  of  the  HTPB  propellant  burn  rate  data  (6) 
the  following  reciprocal  relationship  was  used  for  correlation: 


! ~ f (_L) 

r VBP; 


Subsequent  experience  has  shown  that  a better  correlation  can  be  obtained 
using  the  reciprocal  relationship 


r ~ f (ln(BP)) 

This  later  relationship  has  been  used  in  the  correlations  presented  herein. 
DATA-SUMMAUY  KQUATI  ON’S 

Equations  resulting  from  a multiple  linear  regression  analysis  of 
the  burn  rate,  pressure  and  composition  data  from  the  non-catalyzed  HTPB 
and  CTi’B  propellants  are  presented  below: 

1 . For  the  HTPB  propellants 

1 = 3.033723  + 854.045'i(1/P-1.502416  x 10"5) 


8/  R-4889 


COIIHEI ATI  ONS  OF  CATALYST  PAIIAMETER 


Rocketdyne  Division 
Rockwell  Internationa] 


Cl  V 

— ( rrs  -P 
c o 2 

•*i  O <3  ^ 

— O G — 

O ^ Ch  > 
C *1-1  o 

cj  o r J 
^ fee 
2 -h  in 
o ^ w c 

— w 

•P  3 CJ  O 
cl  5S  »2 

— i 

o -3  O C3 

;*  d p 
^ .2 
o =* 
o 


«5  y 
d O 
CO  CO 


23  +5  o 2 
C3  C - 

cs  r- 


u 

P o 
co  p 
^ o 
E « 
d d 
■o  J* 

d d 
O — 


O - 

— 05 

— o fee 
■ri  cs  \ 
O <-»OI 
O U 5 
ADO 
CO  CO 


o 

o 

in 

o 

n- 

in 

<— « 

r- 

m 

00 

o 

m 

i^ 

'O 

Ln 

in 

in 

o 

in 

vC 

“3* 

00 

in 

o 

■O 

H 

■C* 

O 

in 

o 

t'n 

00 

in 

o 

o 

CO 

'O 

r~ 

t'n 

CM 

in 

t'~. 

m o in  in  in  m 

X ^ CC  CO  CO  co 

C\  O On  CN  On  C\ 

m <r  m tn  m m 


C) 

CM 

l 

i 

r-< 

1 

X 

1 

X 

r- 

-a4 

-3< 

in 

o 

\D 

-e< 

o 

o 

O 

o 

o 

O 

o 

C\ 

C\ 

CN 

On 

On 

ON 

o> 

00 

00 

i 

00 

00 

1 

00 

i 

00 

00 

i 

< 

i 

<$ 

1 

1 

<! 

i 

<! 

<: 

l 

<i 

o 

hJ 

3 

3 

o 

-j 

3 

3 

•— 

c 

•H 

P 

d 

r—t 

o 

u 

*4 

c 

o 

w 

p 

o 

2 

c 

d 

2 

p 

d 

OT 

•2 

2 

o 

O 

o 

o 

Sh 

in 

O 

9 

d 

40 

M 

o 

d 

o 

E 

U) 

d 

w 

o 

u 

*2 

d 

o 

4^ 

2< 

p 

O 

p 

P 

P 

P 

o 

d 

d 

w 

r*H 

•2 

u 

>i 

-P 

r-H 

Jh 

3 

d 

a> 

0) 

P 

23 

O 

2 

d 

P 

2 

o 

O 

fr*  inrr  h ir^ — 


Rocketdyne  DMsfon 

Rockwell  International  , 


| 


f 


1 


i 


♦ 


i 


a 

a 

n 


a 

c* 

3 

g 

5 " 
a <S? 

a 

a o 

r;  -i 
a m 


S3  5 

^ < 
a a 

H ^ 
a £ 
X si 
a 

<:  « 


d 

a 

o 

a 

z 

o 

£-5 

c-* 

3 

a 

a 

►n 

o 

o 


o 

I— I 

a 

t— 

g 

a 

a 


•s 


./  R-4889 


^gf!ggeaii^B»!«aiM»i8>iuiwi»;c» 


Rocketdyne  Division 
Rockwell  International 


-1. 740622  x 105  (l/P 2 -2.47862  x 10'6) 


where 


r 

P 


burn  rate  (in./sec) 
pressure  (psi) 
d . of  ground  AP  (microns) 


vs 


D 


V. 


W 


d of  coarse  AP  or  coarse  AP  blend  (nicrons) 
vs  v ' 

0.01  (wt  $ ground  AP)  - weight  fraction  ground  AP 

0.01  (wt  $ coarse  AP  or  coarse  AP  blend)  - weight 
fraction  coarse  AP 


Analysis  of  similar  data  obtained  from  the  ferric  oxide-catalyzed 
HTPB  and  CTPB  propellants  yielded: 


1 . For  the  HTPB  Propellants 


2 

r 


= 1.886515  + 129.8565  (1/P  -1. 50291  x 10-°) 

D„ 


+6.869025  (r/-p  -2.25281  X 10-2) 
f 


+52.87617  (-xttTbpJ  -7-97M12  x 10"2) 


*74. 51517  (— % -9.797102  x 10_1) 


\<  P“ 
c 


Jj. 01712  X 10 


-5 


0 


W P 
L c 


175 


-5166.251 


-0.07651A56 


( 

~ I)..  ~ 

\ 

wfp*"  J 

-4.  185592 


D 


+0.6515969  ( fr=-  -1.782078) 

Ifj/J 


y 

x' 


<fg*~a»SigwuAM»>-c 
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Comparison  of  calculated  and  observed  burn  rates  along  with  perti- 
nent compositional  variables  are  presented  in  Appendix  A.  Pictorial  com 
parisons  of  some  of  the  data-fit  results  are  also  shown  in  Fig.  1,  2,  3> 
and  h.  Clearly  these  fits  are  good;  and  from  a percentage  difference 
standpoint,  they  are,  indeed,  quite  good. 


I 

y 

I 

a 


600  800  1000 
PRESSURE,  PSIA 


2000 


vJ 

f I 


Figure  1.  Comparison  of  Burn  Bate  vs  Pressure  Calculated 
from  Multiple  Linear  Regression  Analysis  with 
Experimental  Data  (lITPB  Propellants/No  FegO^) 


In  the  JITPB  propellant  cases,  the  greatest  differences  between  cal- 
culated and  experimental  burn  rates  were  3*69$  (no  catalyst)  and  12.6 4$ 
(Fe„0„  catalysis).  Analysis  of  these  same  HTPB  propellant  data  reported 

J 

earlier  by  the  principal  investigator  (6)  did  not  provide  nearly  so  good 
a data  fit,  i.e.,  the  greatest  difference  between  calculated  and  experi- 
mental burn  rates  were  5*67$  (no  catalyst)  and  17*57$  (FegCL  catalysis). 
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In  this  earlier,  less  accurate  analysis  AP  specific  surface  rather  than 
a fine  AP-coarse  AP  component  breakdown  was  used  and,  as  noted  earlier, 
a direct  proportionality  between  r and  BP  rather  than  a logarithmic  pro- 
portionality between  r and  ln(BP)  was  used  when  a catalyst  was  added  to 
the  formulation.  Two  standard  errors  of  estimate  about  the  mean  l/r 
values  of  these  new  HTPB  data  fits  are:  for  the  no— catalyzed  fit,  2.99/®, 

and  for  the  catalyst  fit,  5.96$. 


Figure  2.  Comparison  of  Burn  Bate  vs  Pressure  Calculated 
from  Multiple  Linear  Regression  Analysis  with 
Experimental  Data  (HTPB  Propellants/Feo0_) 

In  the  CIPB  propellant  cases,  the  greatest  differences  between  cal- 
culated and  experimental  burn  rate  values  were  5.79$  (no  catalyst)  and 
7.98$  (Fe^O^  catalysis).  Two  standard  errors  of  estimate  about  the 
mean  l/r  values  of  those  data  fits  are:  for  the  no-catalyst  case,  2.74$, 

and  for  the  catalyst  fit,  6.66$. 


i 
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Although  these  correlations  are  very  good,  there  is  a basic  under- 
lying  weakness  in  them:  They  are  based  on  data  that  are  not  wholly 

random.  A consequence  of  this  lack  of  randomness  is  discussed  in  a 
later  section  of  this  report. 


HTPB  BONDING  AGENT  EFFECTS 

The  IITPB  propellants  contained  a polyamine  epoxide  bonding  agent 
that  liberates  ammonia  during  mixing.  The  net  results  of  this  amine-AP 
reaction  could  be  amine  perchlorates  at  the  AP-binder  interface.  To 
determine  whether  the  presence  of  such  perchlorates  at  the  interface 
might  nullify  the  analysis  fo~  HTPB  propellants,  a propellant  that  was 
identical  to  one  of  those  included  in  the  correlation  except  for  the 
bonding  agent  was  prepared  and  motor  burn  rate  data  were  obtained  at 
77  F.  Experimental  burn  rates  and  rates  calculated  from  the  data-summary 
equation  for  both  propellants,  along  with  the  direction  and  magnitude  of 
the  differences  between  calculated  and  experimental  rates,  are  shown  in 
Table  7. 

TABLE  7 

COMPARISON  OF  CALCULATED  AND  EXPERI MENTAL  BURN  RATES 
OF  HTPB  PROPELLANTS  CONTAINLNu  DIFFERENT  BONDING  AGENTS 


Formula ti on 

Pressure , 

Burn  Rate  at  77  F, 

in.  /sec 

psia 

Experimental 

Calculated 

Difference 

I.CA-8906-1 

1649 

0 , 84  7 

0.799 

- 5.67 

(Con  tains 

493 

0.508 

0.488 

- 3.94 

Pol yam inc/Epoxide 

876 

0.640 

0.627 

- 2.03 

Bonding  Agent — Used 

29/1 

0.594 

0.370 

- 6.09 

to  Obtain  Data  E’i  t 

1426 

0.783 

0.757 

- 3.32 

Equation) 

956 

0.681 

0.649 

- 4.70 

607 

0.550 

0.537 

- 2.36 

LCA-8906Y-3 

784 

0.617 

0.599 

- 2.92 

(Contains  Acyl 

1682 

0.866 

0.805 

- 7.04 

Aziridine  Bonding 

2446 

1.061 

0.921 

-15.20 

Agent — Not  Used  to 

1392 

0.787 

0.750 

- 4.70 

Obtain  Data  Fit 

1250 

0.747 

0.720 

- 5.61 

Equation) 

691 

0.585 

0.568 

- 2.91 
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Note  that  the  calculated  values  for  the  mix  with  acyl  aziridine 
bonding  agent  (LCA-8906Y-3)  were,  for  all  practical  purposes,  as  good  as 
could  he  expected  from  this  data-fit  equation.  A good  indication  that 
bonding  agent  differences,  which  are  minor  from  an  overall  composition 
standpoint  but  major  from  an  interface  composition  standpoint,  will  not 
invalidate  conclusions  gleaned  from  the  HTPB  propellant  analysis. 
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CORRELATION:  DISCUSSION  AND  CONCLUSIONS 


Fe„0_  SURFACE  AREA  VS  LEVEL 

2 j 


Experimental  data  such  as  those  in  Fig.  5,  which  show  that  FegO.. 
level  can  be  traded  for  FeQ0„  specific  surface,  are  the  most  obvious 
outcome  expected  from  the  data-summary  equations.  Hence,  this  outcome 
is  presented  first  as  Fig.  6 and  7.  On  these  figures  compositional 
variations  that  yield  a burn  rate  of  0.5  in. /sec  are  circled  to  point  up 
the  significance  of  a correlation  analysis.  In  the  absence  of  a reliable 
combustion  model,  correlations  such  as  those  obtained  in  the  previous 
section  provide  reliable  estimates  of  a propellant's  burn  rate-vs-pressure 
behavior,  provided  these  estimates  are  interpolations. 


i 

I 

I 

I 


a 1.0 

oo 


& 

t 

3 

jKy 
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“ 0.4 i 


0 LCA-8911Z-4  - 2%  Fe203  (3  M2/GM) 

AP  SPECIFIC  SURFACE  = 5393  CM 2/GM 

A LCA- 8911-1  - 0.8%  Fe203  (8.4  M2/GM) 

AP  SPECIFIC  SURFACE  = 5311  CM2/GM 

FORMULATIONS  INCLUDED  IN  ANALYSIS 


0«  2 ' — 

200 


400  600  800  1000  2000 
PRESSURE,  PSIA 


Figure  5.  Effect  of  Low  Level  Fe20;5  with  High  Specific  Surface 
and  High  Level  Fe20^  with  Low  Specific  Surface 
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The  veil  known  fact  that  Feo0_  level  affects  burn  rate  will  not  be 

discussed  here.  However,  it  has  not  been  ignored  completely;  i.e.,  the 

effect  of  Fen0_  specific  surface  is  depicted  at  Fe,.0_  levels  of  0.2  and 
- J 2 y 

1.0 $. 


COARSE  AP  EFFECTS  IN  HTPB  PROPELLANT 


The  equations  representing  the  behavior  of  the  HTPB  propellants 
presented  in  the  previous  section  of  this  report,  as  noted  earlier  in 
the  discussion,  provide  a more  accurate  description  of  the  behavior  of 
these  propellants  than  those  presented  earlier  by  the  author  (6).  How- 
ever, these  more  accurate  equations  can  yield  misleading  outcomes. 

If  coarse  AP  fraction  sizes  are  substituted,  by  rote,  into  these  expres- 
sions the  outcomes  in  Fig.  8 and  9 can  be  obtained.  The  increase  in  burn 
rate  obtained  on  substituting  AOO41  AP  for  200-M  AP  when  no  catalyst 
is  used  can  probably  be  disregarded  since  it  is  so  small;  but  even  so, 
the  result  is  unexpected.  The  increase  cannot,  however,  be  ignored  when 
a cataljrst  is  used;  it  is  much  too  largo. 


o 


Figure  8.  Burn  Rates  of  88$  Solids  HTPB  Propellants  Containing  No  Feq03 
Obtained  by  By-Rote  Substitution  in  Data-Sumraary  Equations 


r J r. 
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FINE  AP  <lvs  = 3 11  COARSE  AP  FRACTION 

1.5%  Fe203  (5.1  /Vr/GM) 

400 /£  ~v 

400/ 200 Ji  ^ 

BLEND 


* 10  15  20  25  3 0 35 

GROUND  AP,  \NJ  % 

Figure  9.  Burn  Rates  of  88$  Solids  HTPB  Propellants  Containing 
Fe203  Obtained  by  By-Rote  Substitution  in  Data- 
Summary  Equations 


The  unusual  .response  to  coarse  AP  size  inputs  does  not  stem  from 
error,  as  can  be  seen  from  the  residuals-vs-coarse  AP  size  analysis  for 
the  catalyzed  propellants  given  in  Table  8. 

TABLE  8 

RESIDUALS  AS  FUNCTION  OF  COARSE  AP  FRACTION 


AP  Coarse 
Fraction  Size,  ^ 


A 00/200 


Number  of  Residuals  that  are 


Positive 

12(1) 

17(15) 

30(A4) 


Negative 

10(21) 

23(25) 

30(17) 


Values  in  parenthesis  are  from  analysis  in  Ref.  6, 
which  contained  bias.  Other  values  are  froraAr's 
in  Table  A-3. 
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Because  the  residuals  appear  to  be  uniformly  distributed  regardless  of 
coarse  AP  size,  one  must  look  elsewhere  to  account  for  the  calculated 
outcomes  in  Fig.  8 and  9- 


These  outcomes  arise  because  the  coarse  AP  fractions  used  at  the 
several  fine  AP  levels  follow  a pattern  that  is  not  part  of  the  data- 
summary  equations  (Ref.  Fig.  10).  To  use  these  equations,  the  coarse 
size  pattern  in  Fig.  10  must  be  followed.  For  example,  if  the  ground 
AP  level  is  set  at  55$j  a 600-P/200-P  AP  blend  of  d - 5^2  p should  be 
used  to  estimate  burn  rate. 


380 


O AND  NUMBER  DENOTE  HTPB  EXPERIMENTAL  MIXES 

CONTAINING  Fe203  INCLUDED  IN  CORRELATION  ANALYSIS 


£ 260 
cn 
< 
o 

° 220 


xT  180 


15  20  25  30  35 

GROUND  AP,  WT  % 

Figure  10.  Pattern  of  Coarse  AP  Fraction  Sizes  Used 
in  Obtaining  Experimental  Data  that  must 
be  Adhered  to  in  Using  Data-Summary 
Equations  for  HTPB  Propellants 
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When  using  this  coarse  AP  pattern  as  input,  the  burn  rate-vs-AP 
surface  per  gram  of  propellant  data  plotted  in  Fig.  11  are  obtained. 
Note  the  unexpected  upward  movement  in  burn  rate  when  high  levels  of 
10-ii  AP  are  used  in  conjunction  with  very  coarse  AP  and  ferric  oxide 
catalysts  (extreme  right  portion  of  curve). 


2 0.9 


0.8 

r-- 


< 0.7 


£ 0.6 


< 

“ 0.4 


“ 0.3, 


— WmBBBBBBm 


AP  SURFACE  AREA /GM  PROPELLANT,  CM2 ' X 10*3 


Figure  11.  Burn  Hates  of  88$  Solids  HTPB  Propellants 
With  and  Without  Fe20j  Obtained  Using 
Coarse  AP  Size  From  Fig.  10  as  Inputs  to 
Data-Summary  Equations 


To  demonstrate  that  this  upward  movement  in  burn  rate  should 
actually  have  been  expected,  a propellant  mix  containing  35$  of  a dif- 
ferent 10-M  AP  grind,  along  with  a 400-H/200-4-*  AP  blend,  d = 362  (J, 

2 VS 
and  1$  5*1  |n  /gm  Fe90_  burn  rate  catalyst  was  prepared.  This  formulation 

(Table  9)  is  unlike  any  propellant  included  in  the  correlation  aialysis. 
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TABLE  9 

COMPOS I TI  ON  OF  BURN  RATE  PATTERN 
VERIFICATION  MIX 


Vt  % 

HTPB  Binder 

12.00 

A1  (15  m) 

10.00 

AP  (A 00  M) 

58.22 

AP  (200  tl) 

3.78 

AP  (10  (i) 

35.00 

Fe20_  (5.1  m“/gra) 

1 

1.00 

100.00 

One  pound  motors  cast  from  this  verification  mix  yielded  the  burn 
rate  data  that  are  compared  with  the  "unexpected-expected"  behavior  in 
Fig.  12.  Note  that  the  experimental  burn  rates  compare  favorably  with 
expectation  and  that  generally  these  rates  are  higher  than  calculated. 


- 1.0 

:'o.9 

r^» 

. .-0.8 


CALCULATED  FROM  HTPB  DATA- SUMMARY  EQUATION 
TWO  STANDARD  ERROR  OF  ESTIMATE  BOUNDARIES 
LCA- 9047-1  EXPERIMENTAL  DATA 

I ! ! I I I 


> 

EK 

> 

/ 

. 

EK‘ 

400  600  800  1000  1500 

PRESSURE,  PSIA 

Figure  12.  Comparison  of  Expected  Burn  Rate  vs  Pressure 
for  LCA-9047-1  with  Experimental  Burn  Rates 
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The  upward  thrust  in  the  r-vs-AP  surface  per  gram  of  propellant 
curve  (Fig.  12 ) is  apparently  real.  Though  real,  this  effect  of  particle 
spacing  is  still  ..  puzzlement.  In  further  discussions  of  Fe0(L  behavior 
in  HTPB  propellants  only  the  near  linear  region  in  Fig.  11  has  been  con- 
sidered. 


EFFECTS  OF  Feo0_  SPECIFIC  SURFACE 
2 y 

AND  FINE  AP  LEVEL 

Figures  12,  15,  and  14  show  there  is  a distinct  leveling  in  the 
burn  rate  enhancement  that  can  be  achieved  by  using  finer  and  finer 
FeQ0_.  This  leveling  tendency  sets  in  more  slowly  as  the  level  of 
finely  ground  AP  is  increased. 
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,i_.  V*  I 
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Figure  13. 


6 8 10  12  14  16  18  20  22  24  26  28 

Fe203  SPECIFIC  SURFACE,  M2/ GM 

Effect  of  Ground  AP  Size  and  Level  and  Feo0_ 

Specific  Surface  on  Burn  Rate  of  86^  ^ 

Solids  CTPB  Propellant 
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Figure  14.  Effect  of  Ground  AP  Level  and  Fe20„ 
Specific  Surface  on  Burn  Bate  of^  ^ 
88$  Solids  HTPB  Propellants 


The  ratio  of  burn  rates,  catalyzed/non-catalyzed,  provides  a measure 
of  effectiveness  of  Feo0_.  This  effectiveness  is  plotted  against 
Feo0_  specific  surface  in  Fig.  15  and  16  and  against  AP  surface  per  giam 
of  propellant  as  Fe„0_  specific  surface  contours  in  Fig.  17.  Note  that 
a given  Feo0_  at  a given  weight  level  is  generally  more  effective  at 
high  fine  AP  levels  than  at  low  fine  AP  levels.  Note  also  the  bottoming 
out  of  the  contours  in  the  HTPB  case  depicted  in  Fig.  17;  this 

phenomenon  occurs  at  approximately  12$  finely  ground  AP. 
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Figure  17.  Feo03  Specific  Surface  Effectiveness  Contours 
at  1000  psia  (IITPB  Propellants) 


Figures  18,  19,  and  20  show  that  FegO-  enhancement  of  burn  rate  is 
not  only  a function  of  fine  AP  level  but  also  of  pressure.  The  enhance- 
ment may  be  nearly  constant  over  a wide  pressure  range  or  it  may  increase 
gradually  with  pressure.  This  latter  tendency  is  more  general  than  the 
former.  Note  that,  in  general,  as  the  specific  surface  of  the  Feo0_ 
catalyst  is  increased  its  effectiveness  is  not  only  enhanced  but  also 
this  effectiveness  is  more  susceptible  to  pressure  variations.  These 
pressure  dependencies  probably  arise  because  chemical  reactions  pro- 
moted by  adsorption  on  heterogeneous  catalyst  are  dependent  on  extent 
of  catalytic  surface  and  partial  pressure  of  the  reacting  components. 

The  variations  in  catalytic  effectiveness  with  pressure  are  reflected 
by  burn  rate  and  pressure  exponent,  as  shown  by  the  data  in  Table  10. 
These  effects  of  FCgO^  catalysis  are  also  depicted  in  Fig.  21,  22,  and 
23.  Generally,  and  collectively,  effects  show  that  an  increase  in  burn 
rate  is  coupled  with  an  increase  in  pressure  exponent. 
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Figure  18.  FG20-5  Effectiveness  as  Function  of  Pressure 

(CTPB  Propellants) 
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Figure  19.  FegO-j  Effectiveness  as  Function  of  Pressure 
(lITPB  Propellants) 
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Figure  20.  Fe20-?  Effectiveness  as  Function  of  Pressure 

(IITPB  Propellants) 


TABLE  10 

FERRIC  OXIDE  SURFACE  ARFA  EFFECT  ON 
BURN  RATE  AND  PRESSURE  EXPONENT 


Burn  Rate  at 

Pressure 

1000  psia  and  77  F, 

Exponent 

in./ sec 

(n) 

.405 
.611 
.686 
0.731 


.361 
.398 
.440 
0.473 


IITPB  Propellant:  88$  Solids;  Feo0_  replaced  coarse  AP 
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27%  FINE  AP  d 


1%  Fe203  (10  MZ/GM) 


-1%  Fe203  REPLACED- 
1%  200 M AP  L 


-1%  Fe203  (3  M2/GM) 


n = 0.389 


Figure  21. 


PRESSURE,  PSIA 

Effect  of  FeoO^  Specific  Surface  on  Burn  Rate 
and  Pressure  Exponent  (HTPB  Propellants) 


28%  FINE  AP  d 


0.2%  Fe?0.  (26.4  M2/GM)-\ 

I I 1 I ' 

0.2%  Fe203  (5.1  M2/GM) 


0. 488 


NO  Fe203 


0.2%  Fe203  REPLACED  0.2%  200  fJL  A P 


PRESSURE,  PSIA 

Figure  22.  Effect  of  FeoOj;  Specific  Surface  on  Burn  Rate 
and  Pressure  Exponent  (CTPB  Propellants) 
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Figure  23.  Effect  of  FeoO^  on  Burn  Bate 
and  Pressure  Exponent 


Tliis  correlation  effort  has  not  proven  categorically  that  an  ¥^2^ 
surface  is  involved  in  catalysis;  it  has  however,  demonstrated  an 
association  between  the  specific  surface  of  the  FegCL  incorporated  in 
a propellant  and  its  effectiveness  as  a burn  rate  catalyst.  Although 
the  association  is  valid  only  over  the  range  of  the  independent  variable 
inputs,  it  does  provide  the  quantitative  behavior  patterns  needed  for 
deriving  kinetic  parameters  to  describe  the  role  of  Fe^O^  catalysts  in 
propellant  burning. 
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QUALITATIVE  CONSIDERATIONS  FOR 
COMBUSTION  MODELLING 


The  strong  association  between  Feo0_  specific  surface  and  catalytic 
effectiveness  indicates  that  one  of  the  kinetic  models  used  to  describe 
iieterogeneous  catalysis  of  chemical  reactions  may  also  describe  the  ex- 
perimental data.  AP-binder  sandwich  studies  (3)  have  shown  that  ferric 
oxides  play  their  catalytic  role  at  the  AP-binder  interface.  In  the 
competing-flame  combustion  model,  this  is  the  primary  flame  where  dif- 
fusion followed  by  chemical  reaction  takes  place.  Thus,  any  new*  kinetic 
expression  should  be  inserted  here. 


Reaction  rate  equations  ordinarily  used  to  describe  experimental 
data  generally  fall  into  two  classes  (?): 


1.  Homogeneous  Description 


v 


2.  Heterogeneous  Description 
k KPjP, 

v ’ cr:  KjPjTiyy  (°no  Ma"wlc> 

where: 

v - Reaction  rate 

P - Partial  pressure  of  reactants 
a and  b - Reaction  order  constants 
K - Adsorption  constants  for  active  catalytic  sites 

k - Rate  constant 
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A power  function  equation  is  currently  used  to  describe  reactions 
in  the  primary  flame.  Although  catalyzed  reactions  can  be  described  in 
this  manner,  equations  like  No.  2 above  are  preferred  when  heterogeneous 
catalysis  is  involved.  In  either  case,  the  constants  in  these  equations 
are  considered  empirical  constants  that  can  be  obtained  by  repeated  trial 
fits  to  the  experimental  data. 

In  the  case  of  heterogeneous  catalysis,  several  kinetic  models  are 
available  for  describing  the  reaction.  Choice  of  model  depends  on 
probable  mechanism  and  choice  of  mechanism  depends  on  the  reaction  rate- 
vs-pressure  behavior  pattern.  The  end  result  of  this  mechanical  choice 
process  is  a kinetic  model  most  liekly  to  mate  mathematics  and  experi- 
mental data. 

If  it  is  assumed  that  the  chemical  processes  in  the  AP-binder  inter- 
facial flame  are  second  order,  there  are  several  likely  kinetic  expres- 
sions depending  on  probable  mechanism  from  which  to  choose.  These  ex- 
pressions are  as  follows  (7): 

1.  Reaction  between  two  adsorbed  molecules 
( Lan gmu ir-IIinshelwood  Mechanism) 

k KjKoPjPg 
(1  . K,P,  * K2P2)2 

2.  Reaction  between  two  molecules  adsorbed  on  two  different 
surface  sites  (no  mutual  displacement) 

k 

v " (i  4 i^PjX'i  + k2p"2) 

3.  Reaction  between  a gas  molecule  and  an  adsorbed  molecule 
(Langmuir-Rideal  Mechanism) 

k l^PjPg 

v " 1 + K1P1  + KgPg 
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If  the  following  arbitrary  values  are  used  in  the  expressions,  the 
log-Jog  plots  in  Fig.  2 4 are  the  results: 


- PfJ  = Total  Pressure/2 


k - 1 


Kj  = 0.5 


K2  = 0.4 

Figure  25  is  a similar  log-log  plot  of  a power  function  expression  such 
as  is  now  used  in  the  compe ting-flame  model.  Note  that  the  power  func- 
tin  expression  and  the  gas  molecule  reacting  with  an  adsorbed  molecule 
mechanism  both  yield  reaction  rate-vs-pressure  behavior  patterns  re- 
sembling propellant  burn  rate-vs-pressure  patterns. 


REACTION  OF  MOLECULE 
IN  GAS  PHASE  WITH 
ADSORBED  MOLECULE 


NO  MUTUAL  DISPLACEMENT 


TOTAL  PRESSURE 


Figure  24.  Reaction  Patterns  of  Bimolecular  Reaction 
Catalyzed  by  Solid  Surfaces 


57/  R-4889 


Rocketdyne  DMsfon 

Rockwell  International 


TOTAL  PRESSURE - 

Figure  25-  Reaction  Pattern  of  Bimolecular 
Gas  Phase  Reaction 


These  qualitative  considerations  indicate  that  either  the  power 
function  expression  with  some  modification  or  a Langmuir-Rideal 
Mechanism  should  provide  a reasonable  kinetic  expression  for  inserting 
Feo0_  catalysis  into  the  multiple-flame  combustion  model.  The  latter 
appears  to  have  more  parameters  for  mating  the  model  to  the  experimental 
data.  This  is  not  necessarily  the  case,  however.  If  the  HP  products 
are  very  small  the  Langmuir-Rideal  mechanism  becomes 


v - k KjKgP^ 


a power  function  expression  where  the  rate  constant  for  the  non-catalyzed 
case  is  replaced  by  a product  of  rate  constant  and  adsorption  constants. 
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In  this  power  function  fonn,  the  rate  constant  k as  used  now  to  de- 
scribe kinetics  in  the  primary  flame  becomes  a product  of  a new  rate 
constant  and  two  adsorption  coefficients.  From  these  calculations  an 
apparent  increase  in  rate  constant  emerges  when  Feo0_  is  used  as  cat- 
alyst. And  this  increase  in  rate  constant  should  he  reflected  as  an  up- 
ward shift  in  a log-log  r-vs-P  plot  very  much  like  the  upward  shifts  de- 
picted in  Fig.  21,  22,  and  23. 

The  question  naturally  arises:  How  large  must  the  increase  in  pri- 

mary flame  reaction  rate  constant  be  in  order  to  account  for  the  in- 
creases in  burn  rate  attainable  from  FeQ0„  catalysis?  To  answer  this 
question,  the  parameters  listed  in  AF0SR-TR-74-0985  (2)  were  put  into 
the  multiple-flame  combustion  model.  A primary  flame  rate  constant  of 
30  (standard  value)  and  this  same  rate  constant  increased  by  2 and  3 
orders  of  magnitude  yielded  the  data  plotted  in  Fig.  26.  A thousand- 
fold increase  in  rate  constant  yielded  only  a modest  increase  in  burn 
rate.  This  increase  in  rate  is  not  nearly  as  large  as  can  be  obtained 
by  Fe.,0-  catalysis — Ref,  for  example,  Fig.  23. 


PRIMARY  FLAME  RATE  CONSTANT  VALUE 

I 

o <•>  30  (STANDARD  VALUE) 

8 0.4  - A 3000  -I 

5 O 30,000 


400  600  800  1000  1500  2 

PRESSURE,  PSIA 

Figure  26.  Burn  Rates  Calculated  from  Multiple-Flame  Combustion 
Model  Using  Parameter  Inputs  from  Ref.  2 with 
Primary  Flame  Rate  Constants  Varied 
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This  much  upward  shift  in  the  log-log  r-vs-P  plot  in  Fig.  2(>  can 
bo  effected  by  only  a small  change  in  the  average  flame  height  factor 
(the  "adjustment"  factor  used  to  position  the  flame  nearer  or  farther 
from  the  burning  surface  so  combustion  model  predictions  match  experi- 
mental outcomes).  Figure  27  shows  the  effect  of  a decrease  in  this  fac- 
tor from  the  standard  value,  0.5,  to  0.5,  a value  that  moves  the  flame 
front  nearer  the  burning  surface. 
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PRIMARY  FLAME  RATE  CONSTANT  VALUE 

VALUE  OF  FLAME  HEIGHT  FACTOR 
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Figure  27.  Burn  Hales  Calculated  from  Multiple-Flame  Combustion 
Model  Using  Parameter  Inputs  from  Hef.  2 with 
Average  Flame  Height  Factors  Varied 


Apparently,  increases  in  burn  rate  large  enough  to  account  for 

Fe^O..  catalysis  by  a several-fold  increase  in  the  primary  flame  reaction 
- 0 

rate  constant  cannot  be  obtained  from  the  multiple-flame  combustion 
model.  Therefore,  some  restructuring  of  the  model  will  be  required. 


hO/  H-4889 


^1^  Rockatdyne  DMsion 

Rockwell  International 


FINAL  STATUS  AND  RECOMMENDATIONS 
FOR  FURTHER  STUDY 


Correlation  analyses  of  burn  rate  data  obtained  from  88$  solids 
loaded  HTPB  propellants  and  86$  solids  loaded  CTPB  propellants  have 
yielded  quantitative  relationships  between  FegO..  level  and  specific 
surface  and  Ai5  particle  size  distributions.  Within  the  bounds  of  the 
independent  variable  inputs  used  to  deduce  these  relationships,  inter- 
polated results  are  within  + 15$  of  experimental  results.  And  from 
these  relationships  the  quantitative  effects  of  variation  in  Feo0_ 
specific  surface  at  two  Fe^O-  levels  have  been  depicted.  Initial  efforts 
to  use  these  correlations  to  extend  the  multiple-flame  combustion  model 
to  include  Feo0_  catalysis  indicate  some  restructuring  of  this  model 
will  be  required.  Efforts  to  utilize  the  background  information  gen- 
erated to  date  should  continue. 


Since  the  work  reported  herein  is  limited  to  only  one  type  of 
catalyst,  the  red  iron  oxides,  additional  experimental  work  coupled  with 
a correlation  analysis  is  needed  to  cover  the  entire  spectrum  of  iron 
oxide  catalysts  and  to  obtain  a similar  insight  into  the  use  of  copper 
chromite  catalysis.  Such  effort  should  provide  answers  to  the  following: 


1.  Do  other  iron  oxides,  e.g.,  hydrated  yellow  oxides, 
exhibit  a similar  surface  area  catalytic  effectiveness 
correlation?  If  so,  when  the  specific  surface  is  fixed, 
is  the  catalytic  activity  of  the  several  iron  oxides 
associated  with  iron  content? 

2.  Do  the  copper  chromites  exhibit  a surface  area  catalytic 
effectiveness  correlation?  Is  tneix  effectiveness 
associated  more  with  chromium  level  than  copper  level 

or  vice  versa? 


Some  consideration  should  also  be  given  to  temperature  effects. 
The  results  reported  herein  indicate  that  increasing  the  specific  sur- 
face of  Feo0„  at  a fixed  level  not  only  results  in  an  increased  burn 
« J) 
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rate  but  also  in  an  increased  pressure  exponent.  Is  this  effect  of  Fe  0 

2 3 

specific  surface  on  n reflected  by  tt^  or  is  there  a compensating  effect 
on  a ? To  provide  an  answer  to  this  question  and  to  others  prompted  by 
it,  experimental  data  must  be  obtained  at  several  temperatures. 

The  effect  of  AP  particle  spacing  encountered  in  the  HTPB  propellant 
case,  not  considered  in  depth  in  studies  thus  far,  has  also  been  en- 
countered in  slightly  altered  form  at  very  low  burn  rates,  as  is  shown 
in  Fig.  28.  Both  sots  oi  data  indicate  AP  particle  spacing  plays  a role 
in  burning  (Neither  set  stems  from  scientifically  planned  experimenta- 
tion). lhe  possibility  that  spacing  has  a significant  role  in  burning 
should  be  evaluated  experimentally.  If  it  is  significant  only  when 
formulations  contain  very  coarse  AP,  the  AP  size  distributions  that 
lead  to  AP  particle  spacing  effects  should  be  established. 


V EXPERIMENTAL  MOTOR  BURN  RATES  AT  1000  PSIA 

- AND  77  F 

BOXES  CONTAIN  AP  PARTICLE  SIZES  (//) 

USED  IN  FORMULATIONS  __r— 

~ HOERL'S  SPECIAL  FUNCTION  FIT  TO  DATA  II  7 


200 

7-11 


AP  SPECIFIC  SURFACE,  CM2/GM 

Figure  28.  Effect  of  Particle  Size  Distribution  on  Burn  Bate 

Finally,  the  additional  background  on  tiio  iron  oxides  and  the  now 
background  on  the  copper  chromites  should  be  used  to  extend  the  competing 
flame  model  to  the  more  general  case  of  heterogeneous  catalysis. 
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There  are  four  errors  in  this  paper:  In  Tables  A-l  and  A-2,  LCA-89HY-2, 

LCA-8911-1,  LCA-8911X-3  and  LCA-8911Z-4  are  listed  as  containing  blends 
of  200-(i  and  IO41  AP  particles;  this  should  read  blends  of  400-H  and 
10-M  AP  particles. 
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APPENDIX  A 


COMPARISON  OF  BURN  HATES  CALCULATED  FROM  REGRESSION 
ANALYSIS  WITH  THE  EXPERIMENTAL  VALUES 


In  the  tables  that  follow  Ar  is  defined  as  follows: 


Ar  - 


Calculated  r - Observed  r 
Observed  r 


TABLE  A-l 

COMPARISON  OF  CALCULATED  AND  EXPERIMENTAL  BURN  RATES 
OF  NON-CATALYZED  IITPB  PROPELLANTS 
(Regression  Analysis  Index  of  Determination  = 0.997) 
(Mean  l/r  = 5.033723;  (est)  = 0.0A5,i) 


Formulation 


LCA-8%7-1 

AP  Specific  Surface 

h 050  cnr/g® 

Blend  of  200-4  and 
10-4  AP  Particles 


LCA-8910-1 
AP  Specific  Surface 
- l-jO)  cin-/gni 
Blend  of  'i00-4,  200-u 
and  10-4  AP  Particles 


LCA-8926C-2 
AP  Specific  Surface 
- 2090  cm'Vgm 
Blend  of  200-4  and 
10-U  AP  Particles 


LCA-891 1Y-2* 

AP  Specific  Surface 

= 5257  cnr/sm 
Blend  of  400-4  and 
10-4  AP  Particles 


* Some  instability  encountered  at  high  pressures — abo>  e lOVi  psia 
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TABLE  A-3 

COMPARISON  OF  CALCULATED  AND  EXPERIMENTAL  BURN  RATES 
OF  Feo0_ -CATALYZED  HTPB  PROPELLANTS 
(Regression  Analysis  Index  of  Determination  = 0.994) 
(Mean  l/r  = 1.886515;  a (est)  = O.O562) 


Pressure, 

Burn  Rate  at  77  F,  in. /sec 

Formulation 

psia 

Experimental 

Calculated 

A r,  £ 

LCA-8926X-3  0 

1065 

0.601 

0.611 

-x.66 

1.  2$  Feo0_;  10  m ~/gm 

1287 

0.646 

0.657 

*1.70 

1736 

0.742 

0.734 

-1.08 

2.  AP  Specific  Surface 

538 

0.463 

0.460 

-0.65 

= 2750  cvr/gm 

621 

0.492 

0.490 

-0.41 

Blend  of  200-u  and 

958 

0.581 

0.586 

-0.86 

10-U  AP  Particles 

1841 

0.756 

0.750 

-0.79 

339 

0.390 

0.378 

-3. 08 

LCA-8926-1  0 

1.  2 $ Fe  O ; 3 ra~/<rca 

1034 

0.533 

0.551 

-3.38 

340 

0.352 

0.344 

-2.21 

- J 

493 

0.408 

0.410 

+ 0.49 

2.  AP  Specific  Surface 

563 

0.428 

0.434 

-1.40 

- 2750  cnr/ <rm 

828 

0.497 

0.507 

■(2.01 

Blend  of  200-U  and 

929 

0.515 

0.530 

t2.91 

10-u  AP  Particles 

1374 

0.588 

0.611 

-3.91 

1773 

0.661 

0.668 

-1.06 

LCA-8911-1  „ 

1208 

1.072 

1.026 

-4.29 

1.  0.8  'J  Fo„0_;  8.4  m“/«ra 

819 

0.922 

0.886 

-3.90 

- y 

2689 

1.470 

1.312 

-10.75 

2.  AP  Specific  Surface 

1868 

1.247 

1.186 

-4.89 

- 5311  cnr/gm 

1414 

1.123 

1.081 

-3-74 

Blend  of  400-u  and 
10-u  AP  Particles 

1177 

1.053 

1.017 

-3.42 

I.CA-8911Z-4  „ 

1866 

1.139 

1.182 

»3-78 

1.  2Jc  Fo  0.1  3 nT/inn 

1294 

1.032 

1.057 

■(2.42 

- y 

1127 

0.989 

1.010 

4.2. 12 

2.  AP  Specific  Surface 

783 

0.873 

0.877 

■ 0.46 

- 5393  cm-/ I'm 

532 

0.718 

0.721 

-0.42 

Blend  of  400-u  and  10-U 

1290 

1.037 

1.056 

-(1.83 

AP  Particles  ■ 

1012 

0.973 

0.972 

-0.10 

446 

0.672 

0.643 

-4.32 
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(Continued) 


Formulation 


Pressure, 

psia 


Durn  Hate  at  77  F. 


Experimental  I Calculated 


LCA-8909V-3 

1.  1.5*k  Feo0_;  3 m ~/k® 

2.  AP  Specific  Surface 
- 1530  cm-/ "in 

Blend  of  900-u,  200-u 
and  10-n  AP  Particles 

LCA-8908-1  „ 

1.  1.3^  Fe.,0,;  5.1  m”/«m 

2.  AP  Specific  Surface 
= 1330  cm”  gm 

Blend  of  900-u,  200-u 
and  10—**  AP  Particles 


LCA-8908Y-3  „ 

1.  I « Ko„0,;  ').>i  m“/jjni 

2.  AP  Specific  Surface 
- 15-0  cm-; m 

Blend  of  900-u.  200-u 
and  10—  .VP  Particles 

LO\ -8909-1 

1.  \.r/(  Feo0^;  3.9  in”/  "m 

2.  AP  Specific  Surface 

1530  cm*-,  ipn 
Blend  of  900-1- , 200— 
and  10-u  AP  Particles 


LCA-8909X-2 

1.  1.5$  Fe,,0_;  3.7  in”/jzin 

2.  AP  Specific  Surface 

1530  cm"/ Km 
Blend  of  900-u,  200-u 
and  10-1-  AP  Particles 


993 

797 

859 

982 

1323 

1892 

960 

1979 

851 

1355 

1077 

906 

723 

599 

306 

531 

781 

875 

1963 

1379 

1080 


1855 

827 

1338 

1050 

585 

292 

560 


383 

328 

782 

085 

1220 

1810 

697 

320 


0-329 

0-390 

0.913 

0.936 

0.972 

0.531 

0.325 

0.569 

0.929 

0.990 

0.968 

0.313 

0.902 

0.373 

0.276 

0.356 

0.913 

0.929 

0.552 

0.995 

0.959 


0.539 

0.912 

0.985 

0.996 

0.303 

0.270 

0.358 

0.919 

0.299 

0.391 

0.393 

0.930 

0.962 

0.527 

0.363 

0.279 


0.334 

0.390 

0.909 

0.928 

0.971 

0.526 

0.329 

0.553 

0.921 

0.990 

0.956 

0.316 

0.397 

0.370 

0.275 

0-357 

0.913 

0.930 

0.559 

0.500 

0.963 


0.532 

0.910 

0.980 

0.999 

0.309 

0.265 

0.358 

0.392 

O.303 

0.347 

0.901 

0.939 

0.966 

0.526 

0.375 

0.277 


-1.32 

0.00 

-0.97 

-1.83 

-0.21 

-0.99 

-0.31 

-1.95 

-0.71 

0.00 

-2.56 

+0.96 

-1.29 

-0.80 

-0.36 

-0.28 

0.00 

+0.23 

•1.27 

-1.00 

+0.87 


-0.37 

-0.99 

-1.03 

-0.93 

-0.33 

-1.85 

0.00 

-5.31 

+ 1.39 
-1.76 
-2.09 
-0.93 
-0.88 
-0.19 
+ 3.31 
• 1.09 


t 

t 


A-5/  H-4889 


• rt* 


Rockatdyne  DivWon 

Rockwel  International 


TABLE  A-3 
(Continued) 


Formulation 

Pressure, 

usia 

Burn  Rate  at  7 

7 F.  in. /sec 

Experimental 

Calculated 

LCA-8904-1 

19»6 

0.938 

0.948 

1.  it  Fe  0.;  26 .4  ar/gm 

921 

0.698 

0.707 

- ) 

1321 

0.828 

0.820 

2.  AP  Specific  Surface 

1228 

0.814 

0.796 

= 3985  cm"/ go 

663 

0.608 

0.611 

Blend  of  200-U  and  10-P 

508 

0.534 

0.538 

AP  Particles 

436 

0.479 

0.497 

307 

0.424 

0.407 

LCA-8906-1 

1649 

0.847 

0.799 

1.  l£  Feo0_;  8.4  m'/gm 

493 

0.508 

0.488 

- J 

876 

0.640 

0.627 

2.  AP  Specific  Surface 

294 

0.394 

0.370 

= 3985  cnr/gm 

1426 

0.783 

0.757 

Blend  of  200-6  and  10-u 

956 

0.681 

0.649 

AP  Particles 

607 

0.550 

0.537 

LCA-8905-1 

1493 

0.714 

0.714 

1.  l£  Fe  0 ; 3-9  m~/gm 

704 

0.543 

0.538 

- J 

394 

0.410 

0.403 

2.  AP  Specific  Surface 

1666 

0.737 

0.742 

- 3985  cm"/  gin 

1181 

0.649 

O.656 

Blend  of  200-u  and  10-U 

827 

0.572 

0.574 

AP  Particles 

796 

0.567 

0.565 

495 

0.463 

0.461 
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TABLE  A-4 

COMPARISON  OF  CALCULATED  AMD  EXPERIMENTAL  BURN  RATES 

OF  Feo0 CATALYZED  CTPB  PROPELLANTS 

2 y 

(Regression  Analysis  Index  of  Detertai nation  = 0.992) 
(Mean  l/r  = 2.114487;  a (est)  = 0.0704) 


Pressure, 

Burn  Rate  at  77  F,  in./aec 

formulation 

psia 

Experimental 

Calculated 

1 

LCA-8933-2  „ 

1617 

0.611 

0.6?'« 

+2.13 

1.  I'i  Fe.,0  ; j.l  m~/gm 

1510 

0.595 

0.O04 

41.51 

2.  AP  Specific  Surface 
2422  cur/icm 
Blend  of  200-t.  and 
7—  i 1- ti  AP  Particles 

1213 

1087 

0.53<t 

0.504 

0.544 

0.517 

-1.87 

-2.51 

836 

620 

0.453 

0.396 

0.460 

0.393 

-1-55 

-0.76 

LCA-8934-1 

839 

0.519 

0.504 

-2.89 

).  \$  Fe  0_;  9.2  nr/ kb 

1532 

0.678 

0.676 

-0.29 

~ > 

2.  .VP  Specific  Surface 
- 2787  ctn"/  I'm 
Blend  of  200-+-  and 
7-H-i-  AP  Particles 

1388 

1108 

2097 

1296 

0.634 

0.576 

0.778 

0.613 

0.644 

0.578 

0.785 

0.623 

-1.58 
-0.35 
+0.90 
+ 1.63 

LCA-8935-1 

2114 

0.824 

0.790 

-4.13 

1 . K le,,0_;  5. 1 ni",  gm 

1721 

0.747 

0.720 

-3. 61 

2 ) 

2.  AP  Specific  Surface 
- 3193  cm-/wn 
Blend  of  2U0-+-  and 
7—1 1—  t-  AP  Particles 

1653 

1540 

1200 

1008 

0.739 

0.723 

0.640 

0.590 

0.707 

0.684 

0.612 

0.563 

-4.35 

-5.39 

-4.38 

-4.58 

LCA-8936- 1 

1900 

0.857 

0.844 

-1.52 

1.  Vje  le,,0_;  9.2  m“  . gm 

1787 

0.836 

0.820 

-1.91 

2.  AP  Specific  Surface 
- 3*>3’i  enr/gm 
Blend  200--  and 
7-1 1-1+  AP  Particles 

1292 

1138 

777 

827 

0.707 

0.673 

0.575 

0.583 

0.710 

0.671 

0.564 

0.580 

+0.42 

-0.30 

-1.91 

-0.51 

LCA-8954-1 

797 

0.703 

0.666 

-5.26 

1.  If?  Fe,,0y  ‘>.2  m“/gm 

2.  AP  Specific  Surface 

1074 

0.802 

0.771 

+7 

1098 

1536 

0.803 

0.920 

0.779 

0.916 

-"  ) 
-O.'o 

- 5599  cm-/ gm 
Blend  of  200-1+  and 
10-i‘  AP  Particles 

394 

I575 

428 

0.484 

0.938 

0.504 

0.461 

0.927 

0.482 

-4.75 

-1.17 

-4.37 

836 

0.737 

0.682 

-7.46 

1361 

0.875 

0.864 

-1.26 
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TABLE  A -4 
(Continued) 


Formulation 

l.CA-8055-1 

1.  Vc.  Fe„0_;  5.1  m“/gm 

2.  AP  Specific  Surface 
- 3599  cnr/gm 

Blend  of  200- U and  10-P 
AP  Particles 


i.CA-8967-1 

1.  0.  l£  Feo0_;  26. 4 m-,  gm 

2.  AP  Specific  Surface 
- 3196  cm-/ Km 
Blend  of  200-U  and 
7-1 l-(-  AP  Particles 


LCA-896S-1 

1.  0 . l'<  Fe.,0_;  5.1  m~  Am 

2 ~> 

2.  AP  Specific  Surface 
- 3196  cnr/tira 
Blend  <>{  200—  and 
7 - 1 1-  - AP  Particles 


LCA -8969-1 

1.  0.2^  Fef>0^;  10  m-/jpo 

2 . A P Specific  Snr  fa  c e 
- 3359  rm-/gm 

Blond  of  200-*-  and  7-11-'* 
AP  Particles 

LCA-8969X-2 

1.  0.2J<  Fe()0_;  8.4  m“/pn 

2.  AP  Specific  Surface 

'■  3559  cm~/sni 
Blend  of  200- u and  7-ll-*; 
AP  Particles 


Pressure, 

Burn  Rate  at  7 

F.  in. /sec 

nsia 

Experimental 

Calculated 

683 

0.580 

0.589 

1079 

0.703 

0.734 

637 

0.555 

0.569 

1151 

0.757 

0.721 

1200 

0.772 

0.727 

1560 

0.873 

0.827 

1986 

0.976 

0.946 

325 

0.399 

0.388 

395 

0.340 

0.346 

479 

0.362 

0.381 

625 

0.401 

0.433 

201 

0.242 

0.246 

993 

0.498 

0.537 

1946 

0.695 

0.725 

684 

0.422 

0.452 

1795 

0.647 

0.605 

393 

0.329 

0.309 

1013 

0.489 

0.476 

600 

6*393 

0.377 

658 

0.406 

0.393 

963 

0.476 

0.463 

324 

0.373 

0-354 

7*57 

0.484 

0.495 

340 

0.419 

0.430 

438 

0.392 

0.598 

244 

0.292 

0.294 

2279 

0.827 

0.797 

822 

0.504 

0.519 

1177 

0.596 

0.605 

777 

0.495 

0.500 

202 

0.265 

0.263 

375 

0.439 

0.437 

2389 

0.864 

0.799 

1219 

0.620 

0.605 

859 

0.518 

O.522 

480 

0.404 

0.402 
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TABLE  A-h 

(Continued) 

Formulation 


Pressure 


Iturn  Itato  at 


Experimental 


Calculated 


LCA-8970-1 

1.  O.ttf  Fv.fl  ; 9.2  m'-/gm 

2.  AP  Specific  Surface 
j 2ViO  cm-/jjm 

Blend  of  200-h  and  7-11-  t 
Al1  Particles 


LCA-3981-1-  o 

1.  O.Vc  Fe„()_;  1 nr/gm 

‘2.  AP  Specific  Surface 
■ 'i715  cm”  "tn 
Blend  of  200-^-  and  10-- 
-VI*  Particles 


LCA-8971-1 

1.  0.3?  Fuo0_;  3.7  nr/gtn 

2.  A1‘  Specific  Surface 
- 2821  cm-/ gin 

Blend  of  200-;*  and  7-11- 
AP  Particles 


LCA-8973-1 
1.  0.7,1  Y 


0.3?  Fe,,0_;  3.1  nT/gm 

AP  Specific  Surface 
1520  cm-/ Kin 

Blend  of  200-u  and  7-1 l“u 
AP  Particles 


LCA -8977-1 

1.  0.1?  le.,0_;  20. '1  in-  Km 

2 ) 

2.  AP  Specific  Surface 
- 1317  cm-/ 

Blend  of  200-1.  and  7-11-1' 
AP  Particles 


* A coarse  of  9300  cm  ,'gm  was  used  111  this  mix 
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